Objective: Although microvascular complications are common in type 1 diabetes mellitus (T1DM), few studies have quantified the severity, risk factors, and implications of cerebral microvascular damage in these patients. As life expectancy in patients with T1DM increases, patients are exposed to age-and disease-related factors that may contribute to cerebral microvascular disease.
Patients with type 1 diabetes mellitus (T1DM) develop slower information processing speed earlier than adults without diabetes. 1 In nondiabetic populations, slower information processing speed is strongly associated with white matter hyperintensities (WMH). 2, 3 Few studies, however, have characterized WMH in patients with T1DM. 4 Most of the knowledge about WMH comes from older populations without diabetes: WMH 5 are common in individuals older than 65 years, 6 with a prevalence ranging from 60% to 100%, 7 and are less frequent in middle-aged adults, with prevalence ranging from 0% to 50%. 8 Although they can remain silent, WMH predict greater incidence of stroke, dementia, disability, and death. 2, [9] [10] [11] In addition to older age, chronic exposure to hypertension and hyperglycemia are known risk factors for WMH in adults without diabetes, conditions that may predispose patients with T1DM to develop WMH. Considering the increasing life expectancy in T1DM 12 and the 1.5% to 3.0% annual increase in T1DM incidence, 13 determining the severity of, and risk factors for, WMH in patients with T1DM who are now aging deserves prompt investigation.
Among the studies investigating WMH in adults with T1DM, [14] [15] [16] [17] [18] [19] [20] [21] [22] few quantified the relationship between WMH, advancing age, and cardiovascular risk factors or with processing speed; only one study 16 examined patients older than 50 years.
This study applied neuroimaging at 3 tesla in middle-aged adults with T1DM to characterize the severity of, and risk factors for, WMH and associations with information processing speed, leveraging an extensive characterization of health-related factors over the prior 20 years.
METHODS Standard protocol approvals, registrations, and patient consents. All procedures received local institutional review board approval, and participants provided informed written consent before undergoing research procedures.
Participants. Patients with T1DM were recruited from the Pittsburgh Epidemiology of Diabetes Complications (EDC) Study, an ongoing, prospective study of individuals diagnosed with childhood-onset T1DM between January 1, 1950, and May 31, 1980 , and seen within 1 year of diagnosis at the Children's Hospital of Pittsburgh. The baseline assessment in 1986-1988 included 658 patients (mean age and duration: 28 and 19 years, respectively) who underwent biennial examinations through 1996-1998, with an additional examination in 2004-2006 and biennial questionnaires from 1998 to present. In 2010, the 263 EDC study participants living in the Pittsburgh area were invited to participate in a neuroimaging study: 106 (mean age 48 years, 50% female, 98% Caucasian) received brain imaging from 2010 to 2013, 81 were not interested, 37 were ineligible for MRI (e.g., claustrophobic, metal implants), and 39 did not reply or failed to show for their scheduled MRI (figure e-1 on the Neurology ® Web site at Neurology.org). Of the 106 participants undergoing MRI, 6 did not complete the fluid-attenuated inversion recovery (FLAIR) sequence and 3 were excluded from analyses because of poor coverage or head movement in the scanner, resulting in an analytic sample of n 5 97.
Adults without T1DM, participating in a study of the effects of prehypertension on cerebral structure and function, served as a comparison group. Inclusion criteria were age 35 to 60 years, living in the Pittsburgh area, and blood pressure inside 120-139/80-89 mm Hg (appendix e-1). Of the 414 who responded to mailing/advertisement and were screened to participate, 230 were enrolled (mean age 46 years), 110 were MRI ineligible, 60 changed their mind, and 14 withdrew. To mirror the EDC study racial distribution, all Caucasian participants with complete WMH data as of June 2013 (n 5 81) were included in these analyses.
Measures of interest.
Comparable data collection methods were used for both cohorts for brain MRI and concurrent assessment of cognition, blood pressure, lipids, and glucose, except when noted (see reference 23 and table e-1). For participants with T1DM, prevalence of diabetes-related complications and other health and lifestyle factors were assessed periodically from 1986-1988 to 2004-2006 via questionnaire, physical examination, and medical records 23 ; skin intrinsic fluorescence (SIF) was measured in 2004-2006 via skin fluorescence spectrometer to the left volar forearm. 24 The time interval from the most recent EDC study assessments of T1DM-related complications occurred, on average, 5 years before MRI. Blood pressure, weight, height, serum glucose, and glycated hemoglobin (HbA 1C ) were obtained periodically for patients with T1DM from 1986-1988 to time of MRI, and study 20-year averages were computed. Three seated blood pressure readings were taken with a random-zero sphygmomanometer on day of MRI, with an average of the second and third readings used per the Hypertension Detection and Follow-up Program protocol.
Smoking status was self-reported as current, past, or never smoking 1001 cigarettes, then was dichotomized as ever vs never smoking. Estimated physical activity for the past week (kcal) was determined via Paffenbarger questionnaire.
Brain MRI. Both cohorts underwent imaging protocols on the same 3T Siemens Trio TIM scanners (Siemens AG, Erlangen, Germany) at the Magnetic Research Center, University of Pittsburgh. Details on MRI acquisition and WMH segmentation are provided in appendix e-2.
A certified neuroradiologist (J.M.) differentiated WMH from chronic lacunar-type infarcts, cerebral strokes, and perivascular spaces by careful review. WMH demonstrated no parenchymal loss and did not suppress centrally on the T2/FLAIR. Infarcts were defined as T2 hyperintense/T1 hypointense lesions with irregular borders and central parenchymal loss that suppressed on T2/FLAIR. Perivascular spaces, which can demonstrate central T1 hypointensity and T2/FLAIR suppression, were distinguished from infarcts by smooth borders, a linear orientation, and absence of adjacent T2 hyperintensity. WMH volume was normalized to total brain volume (sum of gray and white Table 1 Characteristics of participants with and without T1DM matter volumes, via the automated labeling pathway). 25 All images were rated using the Fazekas scale 26 blinded to case status (weighted k: 0.825, p 5 0.00001 and 0.782, p 5 0.0000114 for intrarater and interrater reliability, respectively).
Cognitive tests. General intelligence was estimated using the North American Adult Reading Test (NAART). Information processing speed was assessed using the Digit Symbol Substitution Test (DSST, number correct in 90 seconds) figure 1 ). Logistic regression models with WMH severity as outcome and T1DM status as main covariate were adjusted for factors with significant between-group differences (table 1, p , 0.05). Multivariable linear regression models, controlling for age, NAART, and factors with significant between-group differences (table 1, p , 0.05) tested the hypothesis that T1DM was related to cognitive test scores and whether WMH modified the associations between T1DM and information processing speed. Analyses were repeated excluding participants with a history of high blood pressure to ensure this WMH risk factor was not the source of between-group differences.
In analyses restricted to patients, WMH volume was dichotomized as "low" or "high" (i.e., , or $ theT1DM median of 0.111% 6 0.31%). Additional analyses were repeated using logtransformed WMH and using WMH severity (table e-2). Associations between factors that differed by WMH volume (table 2, p , 0.05) were included in logistic regression models controlling for diabetes duration at MRI (table 3) or age at MRI (table e-3) to minimize collinearity between these 2 variables. The time interval from the 2004-2006 EDC study examination to time of MRI was added to these models to control for the time gap between the last assessment of diabetes-related factors and MRI acquisition.
Analyses were repeated excluding the 18 patients diagnosed before 1965. This sensitivity analysis assessed survival bias, as mortality in the EDC study cohort was relatively negligible for those diagnosed post-1965 (15%) compared with those diagnosed pre-1965 (44%). SAS 9.3 (SAS Institute, Cary, NC) and SPSS 21.0 (IBM Corp., Armonk, NY) were used for analyses.
RESULTS
Compared with the 157 patients without MRI (table e-1), the 106 patients with MRI were significantly younger, more likely to be male, with a lower prevalence of complications and lower body mass index.
Compared with non-T1DM participants ( figure 1,  table 1 ), patients were significantly more likely to have Fazekas scores of 2 or 3, indicating more severe WMH (p , 0.0001). Five patients had at least one lacunar infarct and 4 had a history of clinical stroke, whereas none of the non-T1DM participants had either. Between-group differences in glucose, physical activity levels, and diastolic blood pressure were significant, but controlling for these variables did not modify the difference in WMH severity; regardless of which variables were added to the model, T1DM remained significantly associated with more severe WMH.
Compared with non-T1DM participants, patients had lower DSST score and longer pegboard times . Results were similar when using log-transformed WMH or adjusting for the interval between assessment of complications and MRI. Results were similar when excluding those with lacunar infarcts, stroke, or T1DM diagnosis pre-1965. DISCUSSION This study revealed significantly greater severity of WMH and slower information processing in middle-aged patients with T1DM compared with similarly aged non-T1DM adults, independent of hyperglycemia, hypertension, and other risk factors. While the design of this study does not allow determination of whether these traditional risk factors contributed to the development of WMH, it indicates that these factors were not related to the degree of WMH severity already present in these participants at time of MRI. This study also identified diabetes-related neuropathies and ever smoking as 5-year predictors of high WMH volume among patients. These findings suggest that WMH are an emerging complication of patients with T1DM who are now living longer, advancing our understanding of T1DM-related WMH in several ways.
First, our findings indicate that severe WMH can be visualized on MRI at an earlier age than is typically seen in middle-aged non-T1DM adults. These results are consistent with one small case-control study of WMH volumes 14 ; however, other case-control studies reported nonsignificant between-group differences 16, 18, 22 or an absence of detectable WMH in both T1DM and non-T1DM participants. 15, 17 Population characteristics varied across these studies, possibly contributing to the contradictory findings. First, patients in previous studies had a shorter T1DM duration than our patients; second, participants in all but one previous study 16 were younger than our patients. Furthermore, studies 17,18,20,21 excluded patients with microvascular complications, thereby potentially lowering WMH prevalence. Individuals without microvascular complications are unlikely to represent the typical adult patient with long-standing T1DM.
Our results indicate that age and duration are both strong correlates of WMH, hence studies of younger patients, with shorter disease duration and lower prevalence of microvascular complications, are less likely to detect between-group differences in WMH, especially at lower resolution. 27 Second, we found that WMH severity correlated with the slower information processing speed observed in T1DM compared with non-T1DM participants, supporting a mechanistic role of WMH on slower information processing. The relationship of WMH with information processing speed is consistent with previous findings in elderly participants without diabetes 28 but has not been reported for patients with T1DM. Additional studies are needed to identify strategies that prevent or slow the progression of WMH, possibly reducing the negative impact of WMH accrual on health outcomes including cognition. This is especially important for patients entering their fifth or sixth decade of life, in whom T1DMrelated brain changes overlap with age-related brain changes. Of note, the association between T1DM and slower information processing speed remained independent of WMH, indicating the need to include other neuroimaging markers of brain integrity to fully understand the pathogenesis of slower information processing in these patients.
Among the risk factors for WMH in patients with T1DM, neuropathies had a predominant role. This is a novel finding, as most prior studies of WMH in T1DM excluded patients with neuropathy [16] [17] [18] or had very low rates of neuropathy. 19 It is possible that these neuropathies are epiphenomena of WMH and these conditions all reflect underlying microvascular disease burden. Although there is a biological plausibility for associations between neuropathies in the central, peripheral, or autonomic nervous systems, mechanisms underlying these associations need further investigation. If confirmed, clinicians should consider neuroimaging in patients with T1DM presenting with complaints of cognitive difficulties, particularly if accompanied with neuropathies or other microvascular complications.
Smoking is another risk factor for WMH that deserves further study. We found an association of smoking with WMH, robust to adjustment for other complications, that attenuated the associations between neuropathies and WMH. While the relationship between smoking and WMH has been previously shown in older adults without diabetes, 29, 30 only one prior study examined the association in T1DM, 18 finding no significant relationship. However, the patients of this prior work were younger (average age 32 years), with disease duration almost half that of our patients.
This study's negative findings deserve attention. Differences in WMH severity between patients and non-T1DM participants were not accounted for by factors known to be associated with WMH in older populations, including hypertension and hyperglycemia. 7, 11, 29, [31] [32] [33] [34] Among patients with T1DM, WMH associations with glucose or blood pressure were not significant and the association between SIF and WMH volume was weaker than those observed with other factors. Effect sizes of these relationships tend to be small in nondiabetic adults, 7 hence the lack of statistical associations could be attributable to the relatively small sample size of the 2 cohorts. Of note, patients did display a difference in hypertension prevalence by WMH volume (31% and 42%) as well as in 20-year average systolic blood pressure by WMH volume (111 vs 115 mm Hg), although neither reached statistical significance. The well-controlled risk factor profile of patients at the time of MRI could also contribute to these findings.
Previous studies also reported no significant association between severe hypoglycemia and WMH, [15] [16] [17] [18] [19] [20] although animal studies show that hypoglycemia inhibits oligodendrocyte development, inducing apoptosis of oligodendrocyte precursor cells 35 ; this relationship is further complicated by study results implicating posthypoglycemic reactive hyperglycemia in neuronal death. 36 Other diabetes-related factors such as proliferative retinopathy and age at diagnosis were not related to WMH volume, similar to earlier studies. 15, 16, 18, 19, 21, 22 The 5-year interval between SIF measurement and ascertainment of diabetes-related complications and MRI acquisition may have contributed to these null findings because it may have led to an underestimation of these associations. However, glycated hemoglobin measures and blood pressure were taken periodically through time of MRI.
It is possible that long-term exposure to these factors may have a greater effect on WMH earlier, during the development of WMH, rather than later in life. Cerebral WMH develop over years of "incubation"; once cerebral WMH become manifest, these factors may no longer have a substantial role. Longitudinal neuroimaging studies of younger patients, ideally beginning near time of T1DM diagnosis, with imaging methodologies capturing early white matter abnormalities, such as diffusion tensor imaging, and with careful characterization of trajectories of risk factors and complications are needed to test this hypothesis.
The results of this study may not be entirely generalizable to other adults with childhood-onset T1DM. For instance, 99% of participants with T1DM were Caucasian while 93% of people diagnosed with T1DM in Allegheny County from 1965 to 1979 were Caucasian. 37 In addition, a survivor bias may be present in that these patients have survived with diabetes for a substantial period of time, unlike patients who died before the MRI study. A selection bias is also noted in that the patients participating in this MRI study are, in general, much healthier than the parent EDC study cohort. The major causes of mortality and of morbidity preventing participation in this MRI study share a similar pathogenesis with that of WMH, potentially underestimating the true prevalence of WMH in middle-aged patients with T1DM.
Strengths of this study include using a welldefined cohort with more than 20 years of data, thus allowing computation of long-term trajectories of risk factor profiles, and using a higher-resolution neuroimaging protocol than most previous studies. By incorporating the use of a WMH visual rating scale along with a volumetric assessment of WMH, the importance of this study's findings should be easily appreciated by clinicians who would not have access to WMH volumes.
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